Abstract-Bit-interleaved coded differential space-time modulation (DSTM) for transmission over flat Rayleigh fading channels is discussed. For improved noncoherent detection without channel state information at the receiver, iterative decoding employing hard-decision feedback and prediction-based metric computation are applied. The performance is assessed based on analytical expressions for the bit-error rate and simulations. For the most relevant case of two transmit antennas it is shown that the proposed scheme offers high power efficiency exploiting both space and time diversity, while computational complexity is kept at a low level.
I. INTRODUCTION
Space-time modulation to provide transmit diversity for communication over flat fading channels has attracted considerable attention, cf. e.g. [1] , [2] . More recently, differential space-time modulation (DSTM) has been proposed [3] , [4] , [5] . As channel state information (CSI) is not necessary at the receiver, DSTM is particularly interesting for relatively fast time-varying fading prohibiting reliable channel estimation. Efficient designs for DSTM are proposed in [3] , [4] , [5] , [6] , whereas improved receiver structures are presented in [7] .
In this paper, DSTM is combined with simple bit-interleaved coded modulation (BICM) [8] to achieve both a diversity and a coding gain. This separation of coding and modulation is motivated by the successful application of BICM with Gray labeling of signal points in case of single-antenna transmission. At the receiver, generalizing ideas for uncoded DSTM and for single-antenna noncoherent BICM schemes presented by the authors in [7] and [9] , respectively, iterative decision-feedback differential demodulation (DF-DM) [9] with prediction-based noncoherent metric computation and standard Viterbi decoding are applied. DF-DM utilizes an extended observation window of AE ¾ received (matrix) symbols to improve performance and hard-decision feedback to keep complexity low. The predictor structure is favorable as it works without a priori information on channel statistics employing standard adaptive algorithms, cf. [10] , [11] .
As most relevant example we specify and evaluate the proposed scheme for AE Ì ¾ transmit antennas applying DSTM based on orthogonal designs [2] , [3] . Both analytical considerations and simulation results show in good agreement that DF-DM significantly enhances power efficiency of coded DSTM over Rayleigh fading channels. Our investigations further point out the improvement offered by transmit diversity over singleantenna coded transmission.
II. TRANSMISSION SYSTEM
We consider a transmission scheme using AE Ì transmit antennas and AE Ê receive antennas. The block diagram of the discrete-time system model in the equivalent complex low-pass domain is depicted in Figure 1 . 
A. BICM and DSTM
The convolutional encoder output symbols are interleaved yielding the sequence of coded bits ℄ ( ¾ Z Z: bit discretetime index). Then, ÐÓ ¾´Å µ interleaved coded bits are mapped (Å´¡µ) to Å-ary data-carrying (AE Ì ¢ AE Ì matrix) symbols Î ℄ ( ¾ Z Z: (matrix) symbol discrete-time index). This is the well-known BICM [8] .
The transmitted symbols are organized in AE Ì ¢ AE Ì matrices Ë ℄ with elements × AE Ì · ℄ in row and column , which is obtained by differential encoding from Ë ½℄ and the information carrying matrix Î ℄ Ë ℄ Î ℄Ë ½℄
At time AE Ì · , ¼ AE Ì ½, the symbol × AE Ì · ℄ is transmitted by the th antenna, ¼ AE Ì ½. We consider unitary matrices Î ℄ ¾ Î with elements Ú AE Ì · ℄ in row and column , which provide full diversity. The set Î Î ¼ Î Å ½ forms the signal constellation with Å ¾ AEÌ Ê elements, where Ê is the data rate in bits/(channel use).
When presenting numerical and simulation results in Section IV, we concentrate on the most interesting case of AE Ì ¾ transmit antennas. More specifically, DSTM based on orthogonal designs [2] , [3] has shown to yield good performance (cf. [6, Tables 1, 3, 4] ) and allows particularly simple detection [2] , [3] . Then, the signal set Î is defined as
As the entries Ü Ý of matrix Î ℄ are independently detected at the receiver, a labeling suited to BICM is readily found by separately employing Gray labeling of 
B. Rayleigh Fading Channel Model
We assume a flat Rayleigh fading channel, i.e., at time AE Ì · the effect of fading between transmit antenna and receive antenna can be accounted for by the fading gain AE Ì · ℄ which is a zero-mean complex Gaussian random process. Accordingly, at time AE Ì · the signal at the th receive antenna follows as ( ¼ AE Ì · )
where Ò AE Ì · ℄ denotes the complex additive white Gaussian noise (AWGN) at receive antenna . The fading gains of different antenna pairs are presumed as mutually independent. For the correlation in time we use Clarke's model, i.e., the fading autocorrelation function reads
where ¡ denotes expectation, Â ¼´¡ µ is the zeroth order Bessel function of the first kind and ¾ , , and Ì denote the variance of the fading process, the single-sided bandwidth of the underlying continuoustime fading process, and the symbol duration, respectively. The AWGN processes at different receive antennas are assumed to be spatially and temporally uncorrelated and to have equal vari-
C. Iterative Decoding Algorithm
At the receiver, bit branch metrics ℄ are computed using an increased observation interval of AE ¾ consecutively received (matrix) symbols Ê ℄ (see Section II-D, Figure 1 ). After deinterleaving the ℄ constitute the soft input for the standard Viterbi decoder. To keep complexity low when AE ¾, hard decisions ℄ obtained from previous Viterbi decoding are fed back for metric computation. This procedure of iterative decision-feedback differential demodulation (DF-DM) has been introduced and analyzed by the authors in [9] for singleantenna transmission. As no previous decoding decisions ℄ are available, in the first demodulation of a received sequence (first decoding iteration) we resort to conventional differential demodulation (C-DM) based on AE ¾ consecutively received symbols. Moreover, only the "nearest-neighbor" signal point is used as trial signal point, which yields very simple metric expressions, cf. [8] , [9] .
D. Metric Calculation
In [7] noncoherent receivers exploiting an increased observation interval AE ¾ are introduced for uncoded DSTM.
Particularly simple decision rules are obtained for decisionfeedback differential detection (DF-DD) (cf. e.g. [12] ) and diagonal signal constellations [5] , [7] . Then, analogous to singleantenna transmission (cf. e.g. [12] ), the optimum noncoherent metric can be interpreted as coherent metric with linear prediction for channel estimation. Applying this prediction-based noncoherent metric computation to our situation, a receiver structure very well suited to adaptive low-complexity implementation results.
To obtain prediction-based bit metrics we assume during AE Ì modulation intervals time-invariant fading coefficients, i.e.,
The degradation caused by violation of this assumptions is discussed in Section IV. Defining the matrices Ê ℄ and AE ℄ with elements Ö AE Ì · ℄ and Ò AE Ì · ℄ in column and row , respectively, and the matrix À ℄ with elements AE Ì ℄ in column and row , (3) can be written as
Regarding (4) and taking into account the unitary property of Î ℄ and Ë ℄, the derivation of symbol metrics for DSTM is in perfect analogy to the single-antenna ÅDPSK case, i.e., AE Ì ½, and prediction-based DF-DD considered in [11] , cf. also [7] . Let Î ℄, ½ AE ½, denote decisionfeedback symbols remodulated from hard bit decisions after Viterbi decoding. Then, with the coefficients Ô , ½ AE ½, of the´AE ½µst order linear predictor for
Here, ØÖ ¡ , Ê ¡ , and´¡µ À refer to trace of a matrix, real part of a complex number, and Hermitian transpose, respectively. simply taking the maximum of (7) over all Å ¾ symbols Î ℄ representing the considered binary symbol.
III. PERFORMANCE ANALYSIS In this section, analytical expressions for the achievable biterror rate (BER) assuming ideal (infinite) bit interleaving, i.e., full time diversity is available, are provided 1 . Since it is difficult to take into account the effect of erroneous feedback, genie-aided DF-DM assuming all binary feedback symbols to be correct, is used for our analysis as it is customary in literature (cf. e.g. [9] , [7] and references therein). According to the convergence analysis for single-antenna DF-DM [9] , the performance of genie-aided DF-DM is readily approached by realizable DF-DM for BER's usually of interest.
Since the subsequent analysis is based on (4), the effect of fast fading during AE Ì modulation intervals is not accounted for. Hence, although starting from the union bound, for AE Ì ½ the obtained analytical expression does not provide a true upper bound but a tight approximation for the BER of genieaided DF-DM for DSTM. Using the union bound for binary convolutional codes of rate Ê Ò , the bit-error rate is upper bounded by
½ The advantage of multiple transmit antennas if transmission delay and therefore interleaving depth are strongly limited is pointed out in [13] by considering outage probability.
where Ï´ µ is the total input weight of error events of Hamming distance , and ´ µ denotes the pairwise error probability for two code words with Hamming distance . For (9) to be valid, we assume ideal bit interleaving and symmetric BICM channels (cf. [8] 
where¨¡´Ñ Òµ´× µ is the Laplace transform of the probability density function (pdf) of the difference ¡´Ñ Òµ ℄ ℄ (11) between the metric for the th bit of the true data matrix symbol Î Ñ and the alternative trial symbol Î Ò , and « ¼ lies in the region of convergence of¨¡´Ñ Òµ´× µ. A closed-form solution for the integral in (10) may be obtained by the residue method [14] .
Ü´ µ (10) can be also efficiently computed based on a change of variable and Gauss-Chebyshev quadratures as shown in [14] .
To find an expression for¨¡´Ñ Òµ´× µ, assuming genie-aided DF-DM we express (11) 
Finally, we note that for C-DM, (9) with Ü´ µ can be used as approximation for BER. Such an approach yields good results for unitary DSTM (cf. [8] for coherent single-antenna PSK). IV. RESULTS AND DISCUSSION Now, the expressions derived in Section III are evaluated to quantify and discuss the performance of DSTM with DF-DM. In particular, we focus on the effects of transmit diversity with AE Ì ¾ antennas and the case of one receive antenna (AE Ê ½) 2 . As performance limits we show the results for coherent space-time transmission assuming perfect CSI. Additionally, the BER for DSTM with DF-DM and AE ½ is included, which is approximated as described in Section III by using the minimum prediction error variance for AE ½ to obtain © , cf. [11] . For simulated BER the fading coefficients AE Ì · ℄ are generated as specified in Section II-B. In particular, although for analysis and metric computation AE Ì · ℄ is assumed to be constant for ¼ AE Ì ½, in our simulation AE Ì · ℄ varies with .
As relevant scenario, we present simulated BER's together with the respective upper bounds (AE Ì ½) and approximations (AE Ì ¾) for genie-aided DF-DM for transmission over Rayleigh fading with Ì ¼ ¼½. The punctured convolutional codes are taken from [16] . For all simulations, bit-interleaving with randomly generated interleavers for each transmitted block of 5000 channel uses is applied to provide time diversity.
In Figure 2 , BER over AE ¼ ( : average receive energy per information bit, AE ¼ : one-sided noise power spectral density) for 4DPSK (left) and 16OD (right) and rate ¿ 16-states convolutional coding, i.e., Ê ½ bits/(channel use) is the target rate, is depicted. The simulated curves for DF-DM represent BER's obtained after only two iterations and BER's with genie-aided feedback, respectively. As performance limits, the respective bounds for DF-DM with AE ½ and coherent space-time transmission with perfect CSI are also included.
Regarding simulated curves, convergence of DF-DM with two iterations to genie-aided DF-DM is achieved for BER's ¾ The influence of multiple receive antennas is quite obvious for uncorrelated diversity branches. usually of interest in all cases. Next, we note that the simulated BER's are very well approximated by the evaluation of the analytical result of Section III. From the comparison of simulation and analytical results for 16OD we conclude that suboptimum metrics neglecting the variation between AE Ì ¾ successive fading coefficients during transmission of Î ℄ does not lead to a noticeable performance degradation. This is also confirmed by simulation results assuming even larger fading bandwidths in [13] . The improvement due to DF-DM with enlarged observation window AE over C-DM is significant for both AE Ì ½ and AE Ì ¾. Since the effective fading bandwidth ( AE Ì ) is increased for AE Ì ¾, the gap between coherent space-time transmission with perfect CSI and DSTM with AE ½ is larger than for AE Ì ½. Nevertheless, DSTM based on orthogonal design yields gains of about 2 dB for Ê ½¼ over standard 4DPSK. As the slope of the BER curves for AE Ì ¾ is steeper than for AE Ì ½, gains increase with decreasing target BER.
In Figure 3 , 8DPSK (left) and 64OD (right) with rate ¾ ¿ 16-states convolutional coding, i.e., Ê ¾ bits/(channel use), are compared. Again, DF-DM with only two iterations is considered. Similar statements as above apply. As can be seen, DF-DM bridges the gap between idealized coherent and conventional differential reception. Furthermore, at Ê ½¼ and Ê ½¼ gains of about 3 dB and 4.5 dB, respectively, are achieved with two transmit antennas compared to single-antenna transmission.
It is insightful to discuss the influence of code rate Ê and code memory on the performance of DSTM. For AE Ì ½ fading diversity can only be utilized through coding, whereas for AE Ì ¾ spatially diversity is effective even for uncoded transmission. In Figure 4 , using analytical upper bounds/ approximations exclusively, the required AE ¼ to achieve Ê ½¼ for 4DPSK and 16OD, respectively, is depicted as a function of code rate (top, 16-states codes, punctured codes taken from [16] ) and code memory (bottom, rate 1/2 codes taken from [17] ), respectively. C-DM, DF-DM with AE ½¼ and AE ½, and coherent reception are considered. As expected the performance improvement due to spatial diversity becomes more pronounced for less powerful coding, i.e., for higher code rate and lower code memory, respectively. The chosen code rate has a particularly strong influence on the performance gap and the results for the specific 16-states convolutional codes are in good agreement with the cutoff-rate results presented in [13] .
V. CONCLUSIONS
The combination of DSTM with BICM and improved noncoherent detection without CSI have been introduced. While the focus was on low-complexity processing and simple implementation, the proposed schemes offer high power efficiency. The evaluation of analytical bit-error rate expressions for the two transmit-antenna case shows in good agreement with simulation results the achievable gains both due to transmit diversity and due to noncoherent decision-feedback detection. Two decoding iterations turn out to be sufficient for realistic DF-DM. As indicated by the presented results the receiver operates fairly robust in fast fading environments. In summary, coded DSTM with iterative DF-DM is a promising solution to exploit space and time diversity with very moderate complexity. We like to mention that coded DSTM over general spatially correlated Ricean fading channels is investigated in [13] .
